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Abstrat
In this note, we present a detetion riterion for exo-planets to be used with the spae mission
COROT. This riterion is based on the transit method that suggests to look for stars dimming
aused by partial oultations by planetary ompanions. When at least three transits are observed,
we show that a ross-orrelation tehnique an yield a detetion threshold, thus enabling to evaluate
the number of possible detetions assuming a model for the stellar population in the Galaxy.
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1 Overview of COROT
1.1 Introdution
Exo-planets detetion has now beome a very ative eld in astrophysis. In august 2000, about fty
Jupiter-like planets have been disovered around nearby stars. The next hallenging step is to nd muh
less massive planets with the hope to detet life on some of them afterwards. COROT, a CNES spae
mission to be launhed in 2004 [1℄, is urrently a funded projet apable of deteting planets with a
radius lose to 1R⊕ thanks to the transit method [2℄. In this setion, we briey desribe the transit
method and the COROT satellite. In setion 2, we present a detetion riterion for multi-transits, and
in setion 3, we disuss the number of possible detetions assuming a model for the stellar population
in the Galaxy. The spei ase of mono-transits will be onsidered in a forthoming artile.
1.2 The transit method
The transit method for searhing extrasolar planets is based on the idea that if a planet rosses the disk
of its parent star, it would result in a dimming of the star's observed light [3-4℄. The expeted amplitude
of the relative stellar ux dimming is:
ε ≡ ∆F
F
=
(
RP
R⋆
)2
(1)
1
where F is the ux, RP the radius of the planet and R⋆ the radius of the parent star. We all impat
parameter, expressed in stellar radii, the apparent height of the planet trajetory above the star's equator.
For an impat parameter equal to 0.5, the transit duration is:
tr =
√
3R⋆√
GM⋆
√
a (2)
where a is the orbital radius. This duration is respetively 11.2 and 25.7 hours for the Earth and Jupiter
in the solar system, and 3 hours for 51 Peg b [5℄. The geometrial probability that the orbital inlination
on the sky is lose enough to 90
o
to make a transit visible is:
pg =
R⋆
a
(3)
pg equals to 0.5% for the Earth, 0.1% for Jupiter and 16% for 51 Peg b. This method has already been
suesfully used from ground and spae on the planetary ompanion of HD209458, previously deteted
by radial veloity tehniques, e.g. [6℄.
1.3 Fousing on multi-transits
COROT features a 27 m telesope and four 2048 × 2048 CCDs, two of whih are devoted to the exo-
planets program. During its 2.5-year mission, the satellite will monitor 5 elds of 5000 to 12000 stars
(11 ≤ mV ≤ 16.5, galati latitude = 15 − 20◦), eah of them for 150 days, thus leading up to 60000
lighturves. The task will be then to look in the data for the signatures of planetary transits. In order
to estimate the number of potential detetions by COROT, we propose to onsider here a rather basi
method based on a ross-orrelation tehnique. More aurate tehniques are under study at the Labo-
ratoire d'Astronomie Spatial in Marseille [7℄, or have been already suggested [8℄. Here we will onsider
only multi-transits, whih means that a given planet will have to transit at least 3 times in front of its
parent star to be deteted by this method. The sought after signal looks like a repeated dimming in the
parent star lighturve, at even time intervals orresponding to the planetary orbital period P .
2 Priniple of data proessing
2.1 Raw data averaging
To inrease the signal to noise ratio (SNR) and also to redue the amount of data, we begin by averaging
the raw data, i.e. samples of the total ux F every 16 minutes over 150 days, on the duration of a
presumed transit tr (up to 15 hrs). This operation leads to a N = 150× 24/tr point vetor in whih
a potential event is redued to one point. It means that in the whole proess of the transit searh, all
relevant values of tr should be tried.
2.2 Transit signal modelling
The transit signal s we are looking for an be modeled by the sum of a Dira omb αΠk (k teeth,
amplitude α) and a gaussian white noise b of standard deviation σb:
∀i ∈ {1, ..., N} , s[i] = −αΠk[i] + b[i] (4)
where Πk[i] =
k−1∑
m=0
δ[i−mN
k
] (5)
(δ is Kroeneker's symbol). The term b is the sum of several types of noises:
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• the photon noise: σph =
√
Nph (Nph refers atually to the number of stellar photo-eletrons deteted
by the detetor during tr)
• the eletronial read-out noise: σro = 12 e−.pixel−1
• the bakground noise (essentially zodiaal light): σbg = 16 e−.pixel−1 (exposure time is 32 s)
• the stellar irradiane variability noise depending on the averaging interval whose length is tr:
σst(tr) = Nph(tr)σst(tr)ppm. For G and K stars, an estimated value of this quantity an be obtained
through ltering of the SOHO-VIRGO data aquired on the Sun [9℄: σst(tr)ppm ∼ 30− 75 ppm for
tr = 2− 15 hrs.
• the noise introdued by random pointing error of the satellite is supposed to be perfetly orreted
by onboard proessing
For simpliity, all those noises are supposed independant, white and gaussian noises. Consequently, we
get:
σb =
√
Nph + n (σ2ro + σ
2
bg) + σ
2
st (6)
where n denotes the total number of read-out pixels during the transit.
2.3 Detetion with ross-orrelation
The idea is to ompute ross-orrelation produts between the data and a Dira omb (amplitude unity)
whih has the shape of a noise free multi-transit signal (see g.1). For a given value of k, we get N/k
produts of this kind, denoted Ck:
Ck =
1
N
N−1∑
i=0
s[i] Πk[i] =
1
N
[
αk +
k−1∑
m=0
b[m
N
k
]
]
(7)
Trying all values of k between 3 and 50 (3 ≤ P ≤ 50 days) means omputing ∑50k=3 N/k = γN produts
(γ ≃ 3.0). The presene of a transit must be somehow related to a high value of Ck, but the question is:
where to draw the line?
2.4 Statistial analysis
The answer to this question lies in a statistial analysis of the problem. To begin with, let us onsider the
set of N/k produts Ck for a given k. Ck an be seen as a random variable. Beause we assumed that b
is a gaussian noise with a null mean and a standard deviation σb, the probability law of Ck should also
be gaussian with a standard deviation σC =
√
kσb/N . Its mean value should be equal to αk/N in ase
of a star atually showing transits or zero otherwise. Let pk be the probability of having Ck ≤ βk σC in
ase of noise only (no transit):
pk = Pr{Ck ≤ βkσC} = 1
2
[
1 + erf
(
βk√
2
)]
(8)
The probability that all the N/k values of Ck will remain inferior to βkσC is ak = p
N/k
k . This gives the
level of ondene that the statistial noise would not generate a high value of Ck that would be mistaken
for a transit (see g.2). If the statistis bear on all values of k (γN ross-orrelation produts), the level
of ondene beomes:
a =
50∏
k=3
ak =
50∏
k=3
{
1
2
[
1 + erf
(
βk√
2
)]}N/k
(9)
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One an numerially show that β depends weakly on k provided a is lose enough to one (no more than
10% variations). That is why we will assume that β is ommon to all k, in order to solve for β, given the
global level of ondene a:
erf
(
β√
2
)
+ 1− 2a 1γN = 0 (10)
For example, the transit of a planet orbiting a sun-like star at 0.05 AU (suh as 51 Peg b) would last
approximately 3 hrs if the line of sight belongs to the orbital plane. In this ase N = 1200, and solving
(10) for a = 99.9% leads to β = 5.0 (see g.3).
2.5 SNR detetion riterion
Assume that a global level of ondene a has been hosen and has yielded up a value of β: a detetion
ould be laimed with that ondene, if among the γN ross-orrelation produts, one is greater than
β σC . As it is a signature of a transit, its value an be written as αk/N , so the detetion riterion
translates into the inequation:
αk
N
≥
√
k β σb
N
(11)
Introduing the SNR on a single event (a single dimming of the lighturve) dened by S/N = α/σb, we
get:
S
N
≥ β√
k
(12)
As expeted, the required SNR inreases with the level of ondene and dereases with the number of
observed transits. To go on with the previous example, P = 4.1 days so k = 36 and S/N ≥ 0.7 ! As we
see here, this ross-orrelation tehnique is enough powerful to detet repetitive transits with lower than
unity SNR on single events.
2.6 Link with the planetary radius
The amplitude of the relative dimming of the parent star lighturve is onneted to the radius of the
transiting planet RP by:
∆F
F
=
(
RP
R⋆
)2
(13)
besides
∆F
F
= − α
Nph
= − S
N
σb
Nph
(14)
Thus (12) translates into:
RP ≥ R⋆
(
β√
k
σb
Nph
) 1
2
(15)
whih gives the minimum planetary radius that an be deteted with a level of ondene a. In our
example, if we assume for the star mV = 14 and given the harateristis of COROT, we ompute:
RP ≥ 1.5R⊕.
3 Expeted number of detetions
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3.1 Assumptions
To have a realisti distribution of stars per spetral type and magnitude interval in the observed elds, we
have used a model of the stellar population in the Galaxy developped at Besançon Observatory [10℄. Only
stars on the Main Sequene have been onsidered (type V stars). We will assume that every observed
star has 100% probability of having a planet orbiting at the distane tested, and that orbits are irular.
For every distane, we ompute the minimum radius the planet should have for our riterion to be able
to detet it with a false alarm level of 10−5.
3.2 Algorithm
Let a be the orbital of the planetary orbit. We dene the redued orbital radius by ar = a(L⋆/L⊙)
−0.5
so that ar = 1 AU would always orrespond to the distane where the planet reeives as muh ux from
its parent star as the Earth from the Sun. Computations have been done in the range ar = 0.03− 1 AU.
Given the star harateristis: mass M⋆, radius R⋆, eetive temperature T⋆, luminosity L⋆, spetral
type Sp and magnitude mV , we ompute:
• the orbital radius a in AU;
• the revolution period P in days;
• the probability of seeing 3 transits in 150 days: pg × 150P (P ≤ 50 d);
• the transit duration tr (assuming a mean impat parameter of 0.5);
• the number of photo-eletrons Nph reeived during tr.
Then, the SNR detetion riterion imposes a minimum value for the signal ε = (S/N)/
√
Nph, and
onsequently for the detetable planetary radius RP = R⋆
√
ε.
3.3 Results
We have plotted the number of detetions as a funtion of the redued orbital distane for various
planetary radii (g.4) and for a false alarm rate of 10−5. For every urve, it is the minimum detetable
radius (expressed in Earth unit) that is onsidered. Results are given for the whole mission. This way
of presenting our results was hosen beause of the unknown frequeny of the dierent planetary types.
Anyone an apply to our urves the saling fator of his hoie. For instane, assuming a 2% probability
of existene, COROT ould detet several tens of hot Jupiters enhaning signiantly the statistis on
this lass of planets. What is more, COROT has the potential to spot hot Earths if any, sine for
example around 4 events would be expeted if 20% of the stars exhibit earth planets at 0.05 AU.
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Raw data
Averaged data
Dirac comb
Figure 1: Raw data are averaged on the duration of the presumed transit, then ross-orrelated with a
Dira Comb.
Figure 2: The probability distribution of the ross-orrelation produts Ck is entered around zero,
beause the absene of a transit is the general rule. A large value of a Ck with respet to σC is indiative
of a transit with a level of ondene ak. This ondene is also measured by β, whih is supposed
ommon to all k.
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Figure 3: β as a funtion of the false alarm perentage 1 − a. This quasi logarithmi relation allows to
get high ondene levels with reasonable SNR.
Figure 4: This plot shows the number of expeted detetions during the full life-time of the mission,
provided 100% of the stars have a planetary ompanion of radius RP at the distane ar, and assuming a
false alarm rate of 10−5. The number attahed to eah urve is the minimum value of RP (expressed in
Earth unit) enabling the detetion.
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